An optimized graded-refractive-index (GRIN) antireflection (AR) coating with broadband and omnidirectional characteristics-as desired for solar cell applications-designed by a genetic algorithm is presented. The optimized three-layer GRIN AR coating consists of a dense TiO 2 and two nanoporous SiO 2 layers fabricated using oblique-angle deposition. The normal incidence reflectance of the three-layer GRIN AR coating averaged between 400 and 700 nm is 3.9%, which is 37% lower than that of a conventional single-layer Si 3 N 4 coating. Furthermore, measured reflection over the 410-740 nm range and wide incident angles 40°-80°is reduced by 73% in comparison with the single-layer Si 3 N 4 coating, clearly showing enhanced omnidirectionality and broadband characteristics of the optimized three-layer GRIN AR coating. © wave transparent films that provide excellent AR characteristics at the designed wavelength and normal incidence. However, performance of such quarter-wave coatings falls off when deviating from normal incidence or the designed wavelength. Because sunlight is inherently broadband and its angle of incidence changes throughout the day, broadband and omnidirectional AR characteristics are highly desirable for solar cell devices. The concept of graded-refractive-index (GRIN) AR coatings with broadband and omnidirectional characteristics was conceived over a century ago [1] . Several continuous design methodologies and implementation by using nanoporous materials have been published on high-performance broadband GRIN AR coatings [2] [3] [4] [5] . Recently, a step-graded GRIN AR coating that virtually eliminates Fresnel reflections, enabled by a new class of optical thin film materials with a refractive index as low as 1.05, has been demonstrated [6] . Subsequent implementations have used step-graded quintic or Gaussian profile AR coatings for use with light-emitting diodes [7] and solar cell applications [8] . However, limitations exist in achieving optimum AR characteristics from quintic and Gaussian profiles. (i) Such profiles are fixed designs, where there is no room for considering important parameters, such as refractive-index dispersion of coating and substrate materials, spectral distribution of incident light, and responsivity of devices, etc. for application-specific optimization. (ii) These profiles require high-refractive-index (high-n) transparent materials-which often do not exist-to grade the refractive index continuously from a high-n substrate, such as silicon, to a low-n ambient medium. If this condition is not met, AR performance is significantly reduced. (iii) In practice, implementing such continuous GRIN profiles is problematic. The quintic and Gaussian profiles may be approximated by dividing the continuous profiles into multiple discrete layers; this, however, does not give the optimum performance. Recently, a computational genetic algorithm method was demonstrated to design optimized GRIN profiles for AR coatings [9] enjoying key advantages over quintic and Gaussian profiles. Unlike the quintic and Gaussian profiles, the genetic algorithm is an optimization design method with which any figure of merit can be taken into consideration. Using the concepts borrowed from biology, namely, selection, mutation, and combination, optimized AR films can be designed. Furthermore, the genetic algorithm method is a practical and application-specific optimization method because factors, such as material availability, angles of incidence, device responsivity curves, and relative weighting of the solar spectrum, can be considered to achieve an optimum performance in a specific condition.
Antireflection (AR) coatings are used extensively in a wide variety of optical systems to reduce unwanted reflections. AR coatings for solar cells are particularly important, because reducing reflection at the surface of solar cells directly increases efficiency and, hence, helps solve today's energy crisis. Conventional AR coatings for solar cells consist of single-layer quarterwave transparent films that provide excellent AR characteristics at the designed wavelength and normal incidence. However, performance of such quarter-wave coatings falls off when deviating from normal incidence or the designed wavelength. Because sunlight is inherently broadband and its angle of incidence changes throughout the day, broadband and omnidirectional AR characteristics are highly desirable for solar cell devices.
The concept of graded-refractive-index (GRIN) AR coatings with broadband and omnidirectional characteristics was conceived over a century ago [1] . Several continuous design methodologies and implementation by using nanoporous materials have been published on high-performance broadband GRIN AR coatings [2] [3] [4] [5] . Recently, a step-graded GRIN AR coating that virtually eliminates Fresnel reflections, enabled by a new class of optical thin film materials with a refractive index as low as 1.05, has been demonstrated [6] . Subsequent implementations have used step-graded quintic or Gaussian profile AR coatings for use with light-emitting diodes [7] and solar cell applications [8] . However, limitations exist in achieving optimum AR characteristics from quintic and Gaussian profiles. (i) Such profiles are fixed designs, where there is no room for considering important parameters, such as refractive-index dispersion of coating and substrate materials, spectral distribution of incident light, and responsivity of devices, etc. for application-specific optimization. (ii) These profiles require high-refractive-index (high-n) transparent materials-which often do not exist-to grade the refractive index continuously from a high-n substrate, such as silicon, to a low-n ambient medium. If this condition is not met, AR performance is significantly reduced. (iii) In practice, implementing such continuous GRIN profiles is problematic. The quintic and Gaussian profiles may be approximated by dividing the continuous profiles into multiple discrete layers; this, however, does not give the optimum performance. Recently, a computational genetic algorithm method was demonstrated to design optimized GRIN profiles for AR coatings [9] enjoying key advantages over quintic and Gaussian profiles. Unlike the quintic and Gaussian profiles, the genetic algorithm is an optimization design method with which any figure of merit can be taken into consideration. Using the concepts borrowed from biology, namely, selection, mutation, and combination, optimized AR films can be designed. Furthermore, the genetic algorithm method is a practical and application-specific optimization method because factors, such as material availability, angles of incidence, device responsivity curves, and relative weighting of the solar spectrum, can be considered to achieve an optimum performance in a specific condition.
A GRIN AR coating on a silicon substrate is designed using the iterative genetic algorithm computational method [9] . In the implementation of the genetic algorithm, a large population of AR structures is randomly generated. Each structure is tested for "fitness" based on a figure of merit. A small percentage of the worst performing structures is discarded, to be replaced by crossover and mutation of a randomly selected pair of the remaining fit structures. The genetic algorithm process is an iterative method that is repeated until good convergence on an optimized structure, in terms of thickness and refractive index of each layer, is achieved. The figure of merit for these calculations was chosen to be average reflectance, R ave ,
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with equal weighting for the wavelength range of 400-700 nm and angles 0°-90°, where R TE and R TM are the angle and the wavelength-dependent reflection coefficients for TE-and TM-polarized light modes. Dense TiO 2 is chosen as the first layer on the Si substrate owing to its high-n and transparency.
Since the use of a final layer with a refractive index close to that of air can greatly reduce reflection, porous SiO 2 with a refractive index of 1.05 is chosen as the last layer. Refractive index dispersion curves measured by ellipsometry for TiO 2 and low-n SiO 2 materials are used in these optimization calculations. The resulting optimized design is summarized in Table 1 . The optimized GRIN AR coating structure consists of three layers with a 105-nm-thick porous SiO 2 layer, with a refractive index of 1.35 as the second layer. Further calculations of structures with four or more layers result in negligible performance enhancements. Figures 1(a)-1(d) show a calculated reflectance of an optimized single-layer quarter-wave, bilayer continuous quintic, and the genetic algorithm optimized three-layer GRIN AR coatings, respectively, as a function of wavelength and incident angle. Quintic profile calculations use the same total thickness, 497 nm, and the same upper and lower boundaries for refractive index as the three-layer GRIN AR coating. The quarter-wave coating is calculated with a thickness of 68.4 nm and a refractive index of 1.95. An optimized bilayer ZnS / MgF 2 AR coating [10] is calculated with layer thicknesses of 52.0 and 107.8 nm, respectively. The three-layer GRIN AR coating shows a significant reduction in reflectance over a wide range of incident angles and wavelengths in comparison with traditional quarter-wave, bilayer AR, and continuous quintic AR coatings. The calculated average reflectance R ave , over the wavelength range of 400-700 nm and incident angles from 0°to 90°, is summarized in Fig. 1 . We note that the performance of this quintic AR coating is limited by the lack of available transparent high-n materials close to that of a silicon substrate, the nonoptimized choice in coating thickness, and the chosen wavelength range.
To experimentally demonstrate the viability of such a design, the three-layer GRIN AR coating in Table 1 was fabricated. The first layer of TiO 2 was deposited with an rf magnetron sputtering source on a silicon substrate. The deposition rate was controlled by the power supplied to the TiO 2 target and the deposition time. The second and the third layers of porous SiO 2 were deposited using oblique-angle electron-beam evaporation. Utilizing a recently identified analytic formula for porosity and growth rate for the oblique-angle evaporation of nanoporous films [11] , the deposition angle of each layer was determined for achieving a desired refractive index and thickness. Based on the analytic formula, the second layer of SiO 2 with 24% porosity was deposited at a 55°deposition angle, followed by the deposition of a low-n SiO 2 layer with 90% porosity at an 85°deposi-tion angle. The thickness and the refractive index of each layer were measured using ellipsometry.
A scanning electron micrograph (SEM) of the three-layer GRIN AR coating is shown in Fig. 2 . The first layer is a 49-nm-thick bulk TiO 2 . The second layer consists of 99 nm of SiO 2 with a porosity of 24% and has an appearance similar to that of bulk films. The third layer consists of 360 nm of SiO 2 with a porosity of 90%. As shown in Table 1 , excellent agreement between optimized design values and experimentally acquired ones, both in terms of thickness and refractive index, is realized. For comparison purposes, a conventional single-layer Si 3 N 4 AR coating was also fabricated. For this quarter-wave coating, the measured refractive index and thickness is 1.93 and 74 nm, respectively. Next, we compare both calculated and measured average reflectance for the three-layer GRIN AR coating against a conventional single-layer Si 3 N 4 quarter-wave coating. At first, let us consider normal incidence reflectance over the 400-700 nm wavelength range. The reflectance of the single-layer Si 3 N 4 AR coating is measured to be near 0 at the designed wavelength, 550 nm, which shows that the quarter-wave AR coating works well as designed. However, measurements confirm that reflectance increases significantly when deviating from 550 nm. The reflectance of the three-layer GRIN AR coating maintains low reflectance, less than 5%, over the entire 400-700 nm wavelength range, demonstrating strong broadband characteristics. The averaged normal incidence reflectance of the three-layer GRIN AR coating is 3.9%, corresponding to a 37% reduction over that of the single-layer Si 3 N 4 AR coating. Second, let us consider omnidirectional characteristics of the AR coatings measured over the incident angle range of 40°-80°. Figure 3 shows both measured and calculated angular reflectance of the single-layer Si 3 N 4 AR coating and the three-layer GRIN AR coating averaged over the incident angle range of 40°-80°a s a function of wavelength. Calculated and measured curves are in good agreement. These measurements correspond to a calculated decrease in average reflection from 22.4% for the single-layer AR coating to 6.1% for the three-layer GRIN AR coating. This 73% reduction in average reflectance further highlights the importance of AR coatings with both omnidirectionality and broadband characteristics. Although our reflectance measurements of the threelayer GRIN AR coating showed a birefringence effect, parallel versus perpendicular average angular reflectance measurements resulted in a 0.5% difference, considered negligible given the overall decrease in reflectance.
In conclusion, we used the computational genetic algorithm method to develop an optimized AR coating with broadband and omnidirectional characteristics. Simulations of the optimized three-layer GRIN AR coating predict significant performance increases when compared to conventional quarter-wave or quintic AR coatings. The three-layer GRIN AR design has been fabricated, and reflectance measurements have shown excellent agreement between simulation and experiment. These reflectance measurements have shown a remarkable reduction in reflectance over the optimized wavelength range of 400-700 nm. Furthermore, measurements for angular reflectance of incident light from 40°to 80°indicate the threelayer GRIN AR coating's strong omnidirectional characteristics. 
